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ABSTRACT 


Gradual depletion of fossil fuel has greatly enhanced the necessity to look for alternative fuel for automotive 
engine. In response to this, biodiesel is being considered as a promising solution with a number of technical 
advantages over conventional petroleum diesel. However, commercial use of biodiesel has been limited 
because of some drawbacks including corrosivity, instability of fuel properties, higher viscosity, etc. Stability 
of fuel properties is especially important to ensure expected engine performance as well as engine life. Most 
of the research papers available in public domain reported some concerns on the stability of biodiesel fuel 


Keywords: properties. Scattered studies on different aspects often lead to confusions in understanding the adverse 
Biodiesel effects of different factors on the degradation of biodiesel. In this article, different factors that cause instability 
Stability A in biodiesel and their possible implications of different fuel properties have been reviewed. A special 

Fuel properties $ : ; p p eee y p A 
Degradation emphasis has been given to explain the possible mechanisms of biodiesel degradation. Possible remedies to 
improve the stability of biodiesel have also been included. Finally, some general conclusions concerning these 

problems are summarized and further scopes of study have been suggested. 
© 2013 Elsevier Ltd. All rights reserved. 
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1. Introduction 


In recent years, consumption of energy is increasing rapidly due 
to tremendous growth of transportations and industrial sectors 


Energy has become an indispensable factor for mankind to {2|.Therefore, considerable attention has been given to look for 
preserve economic growth and maintain living standard [1]. alternative fuels. Biodiesel is being considered as one of the most 
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promising alternative fuels [3]. It is nontoxic in nature, biodegrad- 
able and produced from renewable sources such as vegetable 
oils or animal fats [4,5]. Biodiesel is completely miscible with 
diesel and thereby can also improve certain fuel qualities [6]. 
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For instance, addition of biodiesel in diesel can improve lubricity 
as inherently biodiesel has better lubricity. Biodiesel having 11% 
oxygen by weight [7,8] can ensure complete combustion and 
thereby increases the performance of engine. It also reduces the 
emission of exhaust gases as compared to that of diesel [9]. 
However, the commercial use of biodiesel has been limited due 
to having some drawbacks. Biodiesel has higher viscosity which 
may result in injector coking, moving parts sticking, fuel filter 
plugging, etc. [10]. Higher viscosity also causes poor atomization 
and less accurate operation of fuel injectors [11]. What makes the 
situation more complete is the fact that biodiesel is auto-oxidative 
and can readily influence its other fuel properties including cetane 
number, flash point, viscosity, density and so on. 

There are many factors, which can influence the stability of 
biodiesel. It has been reported that biodiesel is highly sensitive to 
light, temperature and metal ions [12], more hygroscopic in nature 
[13], more susceptible to oxidation reactions [14,15] and more 
corrosive than diesel [16-20], unless it is modified or treated with 
additives [21]. Degradation of biodiesel causes its compositional 
changes [17-19], and consequently it changes its different valuable 
fuel properties [22]. Degradation of biodiesel also has strong 
influence on the corrosion of metals [13] as well as tribological 
aspects [19,23]. Therefore, it is very important to understand 
the influence of different factors on the instability of biodiesel 
and their related mechanisms. Understanding of such things is 
expected to contribute for improving stability of biodiesel [24]. 

From the recent literature studies, it has been found that the 
properties of biodiesel could be deteriorated by several factors 
including (i) auto-oxidation, (ii) thermal decomposition or thermal 
fluctuations, (iii) water absorption, (iv) biodegradation with micro- 
bial growth, (v) storage conditions, (vi) metal contamination, 
(vii) presence and absence of additives, etc. The available scattered 
studies do not allow understanding the real facts causing instabil- 
ity of biodiesel. The present study has critically analyzed these 
factors and come out with the possible mechanisms of instability 
of biodiesel. 


2. Biodiesel and its specification 


Globally, there are more than 350 oil-bearing crops identified 
as potential sources for biodiesel production [25]. The most 
common of them are soybean oil [26,27], sunflower, corn, used 
fried and olive oil [28], rapeseed oil [29-31], castor, lesquerella oil 
[32], milkweed (Asclepias) seed oil [33], Jatropha curcas [34], 
Pongamia glabra (Karanja), Madhuca indica (Mahua) and Salvadora 
oleoides [35], palm oil [36-38], etc. In general, biodiesel derived 
from these sources can be defined as mono-alkyl esters of long 
chain fatty acids [39]. Vegetable oils/animal fats mainly consist of 
triglyceride molecules. Triglycerides in the presence of catalyst 
react with methanol and thereby reduce methyl esters and 
glycerol (Fig. 1). 

Glycerol is removed as by-product. The esters produced are 
known as biodiesel. According to ASTM D6751, standard biodiesel 
should have minimum 96.4% esters. The rest could be water, 
sediment, free glycerol, methanol, monoglyceride, diglyceride, 
triglyceride, alkaline metals (Na+K), alkaline earth metals 
(Ca+Mg), etc. The presence of these components can greatly 
influence the properties of fuel. As per standard, the limit of these 
contaminants and the level of desired fuel properties are shown in 
Table 1. Although the properties of biodiesel meet the given 
standard in as-receive condition, many properties can deviate 
from the standard once biodiesel is degraded. Therefore, the 
factors that may cause instability of biodiesel in terms of its 
composition as well as related fuel properties are very important 
to study in systematic way. In response to this, the following 


ll ll 
H2C—O —C—R1 H3C—O —C—Ri 


H2C—OH 
(6) (6) 
ll Catalyst ll 
H2C—O—-C—R2 + 3H3C-OH ———> H:C-0-C-R: + H2C—OH 
(0) fe) 
ll ll 
H2C—0 —C—R3 H3C—O —C—Rs H2C—OH 
Triglyceride Methanol Methyl ester Glycerol 


Fig. 1. Chemistry of transesterification reaction (Ri, R2, and R3 represent the 
hydrocarbon chains of the fatty acid triglyceride) [40]. 


section has been devoted to describe the significance of fuel 
stability and the factors that may make it instable. 


3. Instability of biodiesel 


Instability of biodiesel refers to the change of its original fuel 
composition and fuel properties. In such case, biodiesel properties 
can deviate from the prescribed quality standard. This can greatly 
affect its applicability in automotive engine. Engine performance 
as well as fuel consumption rate is greatly altered due to deteriora- 
tion of fuel [40]. As compared to diesel, biodiesel is much more 
instable [41]. Therefore, manufacturers are concerned to extend 
the warranty of automotive while biodiesel/its blend with diesel 
are used as fuel. 

Biodiesel is composed of different saturated and unsaturated 
fatty acid esters. The level of saturated and unsaturated compo- 
nents depends on the type of biodiesel feedstock. Fig. 2 shows the 
composition of different biodiesels. Unsaturated components in 
biodiesel chemically are more reactive. Based on the percentage of 
unsaturated components shown in Fig. 2, it can be said that palm 
and coconut biodiesel could be chemically more stable compared 
to others. In addition, the presence of oxygen makes it more 
aggressive to react with metal surface. The hygroscopic nature of 
biodiesel also leads to the formation of considerable amount of 
microorganism which alters its local chemistry [42]. Any chemical 
reactions occurring in biodiesel can change its fuel composition. 
It has been reported that biodiesel, being degraded can form 
different sort of acids, aldehyde, ketone, insoluble sediments 
etc. Formation of these compounds can greatly change its fuel 
properties including total acid number, viscosity, density, flash 
point, cetane number, etc. Degradation of these properties is 
directly related to engine performance and durability. For exam- 
ple, increased viscosity can cause fuel operation and atomization 
problem [2], thus increasing the tendency for coking of injector, 
sticking of moving parts, plugging of fuel filter, etc. Because of 
its instability, biodiesel is not yet being considered for commercial 
use in automobile engine. Interaction between biodiesel and engine 
oil is another concern in engine operation. During any engine 
operation, fuel will always penetrate into the sump (the lower part 
of the crankcase of an internal-combustion engine into which fuel 
can drain form a reservoir). The penetration of fuel is known as fuel 
dilution. Fuel dilution is more pronounced for in-cylinder diesel 
particulate filter (DPF) regeneration as post-injection of fuel to raise 
exhaust gas temperature in cylinder and burning off carbon-based 
deposits blocking diesel particulate filter (DPF) [6,43]. Biodiesel has 
lower volatility and causes sedimentation in the sump. As the blend 
ratio of biodiesel increased more with petroleum diesel in-cylinder, 
DPF regeneration can lead to higher fuel dilution [6]. In addition, 
oxidation instability of biodiesel leads to higher fuel dilution and 
increased viscosity of engine oil. Therefore, it is very important to 
study on the biodiesel stability influencing factors and necessary 
remedial measures to use it as an efficient and compatible diesel 
engine fuel. 
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Table 1 


Specification of biodiesel as per ASTM D6751 and EN 14214 standards (ASTM, 2008; EN, 2008) [41-43]. 


Property Test methods and limits 
ASTM D6751 

Density at 15 °C (kg/m?) - 

Kinematic viscosity at 15 °C (mm?/s) D445 

Cetane number (min) D613 


Flash point (°C) D93 


Copper strip corrosion D130 
Cloud point (°C) D2500 
Oxidation stability at 110 °C (h) - 

Acid value (mg KOH/g) D664 
Iodine value - 
Polyunsaturated (P4 double bonds) - 
Water and sediment (vol%) D2709 
Water content (mg/kg) - 
Ester content % (m/m) - 

Free glycerol % (m/m) D6584 
Total glycerol % (m/m) 


Methanol content % (m/m) 
Monoglyceride content % (m/m) - 
Diglyceride content % (m/m) - 
Triglyceride content % (m/m) - 
Alkaline metals (Na+K) (mg/kg) - 
Alkaline earth metals (Ca+Mg) - 
Total contamination (mg/kg) - 


100 zZ 
— 80 Y 
v 60 Ye 
Q 
@ A 
> 40 ZA 
=] 
Ë A 
20 ae 
Ba Z_Z 
Rapeseed; Canola | Coconut Palm | Soybean | Sunflower) Tallow 
= Saturated 5.6 7.1 87.4 51.2 15.3 12.77 47.9 
m Mono-unsaturated 21.9 60.2 9.9 39 22.3 20.43 48.9 
= Poly-unsaturated 72.5 32.7 27 9.8 62.4 66.8 3.2 


Fig. 2. Saturated, mono- and poly-unsaturated fatty acid contents for different 
biodiesel [47]. 


4. Factors affecting stability 
4.1. Auto-oxidation 


Biodiesel having unsaturated fatty acid components along with 
more carbon-carbon double bonds and fewer hydrogen molecules is 
more susceptible to oxidation. When biodiesel is exposed to oxygen, 
the oxygen itself attaches to the bis-allylic site directly adjacent to the 
double bonds. This initiates the auto-oxidation chain reactions and 
ultimately forms peroxides. The process of peroxidation promotes 
auto-oxidation by three steps: initiation, propagation, and termination 
[44]. The first set involves the removal of hydrogen from a carbon 
atom to produce a carbon free radical [45]. Secondly, the new carbon 
free radical then reacts with diatomic oxygen to continue the 
propagation cycle. Thirdly, the chain reaction terminates when two 
free radicals react with each other to yield stable products. The 
oxidation can be presented as follows [44]: 


Initiation : RH+1° >R’ +IH (I° = initiator radical) 


Propagation : R° +02 — ROO’ (ROO* = peroxide radical) 
ROO’ — ROOH + R* 


Termination :R°+R° >R-—R 
ROO’ + ROO’ > stable product 


Limits EN 14214 Limits 

- EN ISO 3675 860-900 

1.9-6.0 EN ISO 3104 3.5-5.0 

47 EN ISO 5165 51 

93 EN ISO 3679 101.0 

No. 3 max EN ISO 2160 Class 1 

Report - - 

- EN 14112 6 

0.50 max EN 14104 0.5 max 

- EN 14111 120 max 

- EN 14103 1 max 

0.050 max - - 

- EN ISO 12937 500 max 

- EN 14103 96.5 min 

0.020 max EN 14105 0.02 

0.240 max EN 14105 0.25 max 

- EN 14110 0.2 max 

- EN 14105 0.8 max 

- EN 14105 0.2 max 

- EN 14105 0.2 max 

- EN 14108 5 max 

- EN 14538 5 max 

- EN 12662 24 max 
In auto-oxidation reactions, normally oxygen free radicals 


(HO*, ROO’, HOO’, O° and similar) are generated radiolytically. These 
free radicals will readily abstract a hydrogen atom from the hydro- 
carbon chain and thereby lead to polymerization. However, this auto- 
oxidation process depends on many variables such as temperature, 
light radiation intensity, presence of naturally occurring antioxidants, 
degree of unsaturated molecules, oxygenated moieties, metallic traces 
and more [12,14,46]. However, from the above reactions, it seems that 
the presence of unsaturated ester molecules as well as oxygenated 
moieties is the major cause of auto-oxidation. Auto-oxidation of 
biodiesel can cause degradation of fuel quality by forming oxidation 
products such as aldehydes, alcohols, shorter chain carboxylic acids, 
insoluble gums, sediments, etc. [47]. These oxidation products can 
reduce engine life by introducing different sort of problems. The most 
common problems could be fuel filter plugging, injector fouling, 
deposit formation as well as wear, corrosion and tribo-corrosion of 
fuel components [48]. The oxidation stability can be increased by 
adding additional natural and synthetic antioxidants. Related mechan- 
ism of anti-oxidation has been explained later. 


4.2. Storage stability 


Storage stability is concerned when biodiesel is stored for 
longer time. Compositional change is probably one of the primary 
concerns of storage stability. In addition, storage stability could be 
influenced due to exposure to air [49,50], sunlight, exposed metal 
surfaces, sometimes changing the storage container [51 |, tempera- 
ture [52], etc. It has been reported that because of losing stability, 
biodiesel after 6-month storage cannot be used as fuel. Several 
researchers have reported the effect of storage stability on the 
properties of biodiesel and its composition. Most of the investi- 
gated fuel properties include acid value (AV), peroxide value (PV), 
induction period (IP), flash point, iodine value (IV), density, 
viscosity, etc. The significance of these properties is listed in 
Table 2. The effect of storage stability on these fuel properties 
reported by several researchers has been summarized in Table 3. 

From Table 3, it is noted that certain properties of biodiesel 
such as peroxide value (PV), acid value (AV), density (D) 
and viscosity (V) increase with the increase of storage time. 
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Table 2 
General properties for measuring the stability of biodiesel. 


Properties of biodiesel Indication criterion 
Induction period (IP) 

oxidation stability. 
Acid value (AV) 


Indicate the initiation of oxidation by measuring the conductivity of fuel. Lower the IP lower the 


The peroxide formed during oxidation finally turned into organic acids, which is determined by AV. 


Higher the acid value, higher the formation of acidic products by oxidation. 


Peroxide value (PV) 


Determines the oxidation progression and indicates the formation of secondary oxidation products. 


Higher PV values, higher the rate of peroxide formation. 


Iodine value (IV) 


IV measures the level of unsaturation in organic compounds, such as FAME (fatty acid methyl ester). 


Lower iodine number is resulted due to the lower degree of unsaturation. 


Density (D) & viscosity (V) 
higher viscosity. 
FAME concentration 


Table 3 


Oxidation products are higher in molecular weight and thus increase density, which also results in 


FAME concentration determines the composition of biodiesel, which indicates the degradation of fuel. 


Effect of storage stability of different biodiesels on different fuel properties (t Increase in quantity; | Decrease in quantity). 


Types of biodiesel Storage periods 


High oleic sunflower oil 30 months PVT, IVJ,AV tT, Vt 
High erucic Brassica oil 30 months PVt, IVI, AVT, Vt 
Low erucic Brassica oil 30 months PVt, IVI, AV tT, Vt 
Karanja oil 6 months IP | 

Rice bran oil 24 months PVt, IVI, AVt, Vt 
Rapeseed oil 200 days PVt, IP}, Vt 

Used frying oil 200 days PVt, IP J, Vt 

Palm methyl ester 3 months AVT, Vt, IP} 
Jatropha methyl ester 3 months AVT, Vt, IP} 
Coconut biodiesel 3 months AV Tt, Vt, IP} 
Soybean biodiesel 3.5 years IP | 

Canola oil 190 days FAME concentration | 
Linseed oil 60 days IP 

Lard oil 60 days IP 

Tallow oil 60 days IP 

Neat edible rapeseed oil 52 weeks Purity of Biodiesel | 
Sunflower oil methyl ester 12 months IP | 

Non distilled Karanja biodiesel 12 months PVt, AVT,VT 
Soybean (edilbe oil) 10 months IP | 

Sunflower oil ethyl ester 40 days IP 

Mahua oil methyl ester 12 months PVt, Vt 


Measured properties and relative changes 


Ref. 

[57] 

[58] 

[59] 

[59] 

[60] 

[54] 
Storage limit based on stability of properties Ref. 
12 months 61] 
12 months 61] 
12 months 61] 
4 months 62 
1 month 63 
60 days 53 
50 days 53 
1 month 64] 
1 month 64] 
1 month 64] 
14 weeks 65 
15 days 54 
40 days 66] 
30 days 60 
30 days 60 
20 weeks 67 
6 months 68] 
4 months 55 
6 months 69 
- 70 
- 71] 


Note: peroxide value (PV), iodine value (IV), acid value (AV), viscosity (V), density (D), induction period (IP). 


Therefore, it can be concluded that the newly generated biodiesel 
components upon degradation due to long-term storage are acidic 
in nature and always will have higher density and viscosity as well. 
As per prescribed limit in standard, the acceptable storage dura- 
tion of different biodiesels could vary from 1 to 12 months. Further 
study should be done to clarify this finding. It is also noticeable 
from Table 4 that the iodine value/degree of unsaturation and 
induction period decreases with the increase of storage time. This 
clearly demonstrates that compositional change or degradation of 
biodiesel is directly related to degree of unsaturated molecules. 


4.3. Thermal decomposition 


Temperature plays an important role on the deterioration 
of the fuel quality. The tendency of a fuel exposed to elevated 
temperature for forming asphaltenes is a representation of ther- 
mal stability. Asphaltenes produced in high temperature can plug 
the fuel filters of the engines because generally asphaltenes act as 
resinous substances like tar [41]. Due to thermal decomposition, 
biodiesel can produce different sort of products. For example, 
fatty acid methyl ester (FAME) of biodiesel starts isomerizing 
to more stable conjugated structure at high temperature when it 
is associated with methylene-interrupted polyunsaturated olefin 
structure [53,54]. After this isomerization, a cyclohexene ring is 
formed when adiene group (conjugated) from one fatty acid 
chain reacts with oneolefinic group from another fatty acid chain 
[54,55]. The reaction is titled as “Diels Alder reaction” as shown in 


Fig. 3. This normally occurs at 250-300 °C or above and the pro- 
ducts of the reaction are mostly dimmers [56,57]. 

Many properties of biodiesel are greatly influenced by tem- 
perature. Those include oxidation, lubricity, corrosivity, composi- 
tion, induction period, viscosity, density, etc. Stragevitch et al. [58] 
analyzed molecular structure of species involved in the oxidation 
reactions of unsaturated fatty acid esters at different temperatures. 
Among all the esters studied, ricinoleate was found to be the least 
susceptible to oxidation at elevated temperature. Several studies 
[59] have found that increasing temperature enhances respiration. 
Respiration is the rate of formation of CO» in the presence of O2 
that causes the degradation of fuel. Xin et al. [60] investigated the 
effect of temperature on the particular composition of biodiesel 
such as tocopherol. They observed that the remaining tocopherol 
(unreacted) decreased with the increase of temperature above 
300 °C. Fazal et al. [61] reported that increase of temperature can 
enhance the oxygenated molecules and thereby improves the 
lubricity of diesel fuel. It has also been reported [62] that oxidation 
at elevated temperature may produce different products such as 
aldehydes, ketones, carboxylic acids, etc. 

Lapuerta et al. [63] investigated the stability of soybean and 
cooking oil biodiesel for assessing the effect of different tempera- 
tures. It was evident that induction period decreases non-linearly 
when the temperature is increased. Nzikou et al. [64] investigated 
the thermal stability of biodiesels derived from vegetable oils. 
They observed that viscosity of soybean oil and methlyllic oil 
biodiesel increased with frying temperature from 20 °C to 180 °C. 
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Table 4 

Effect of metal contamination on different biodiesels (t Increase in quantity; | Decrease in quantity). 
Types of biodiesel Physical states of metals exposed Measured properties and changes Relative influence of metals in degradation Ref. 
Jatropha biodiesel Metal napthenates IP Cu > Co > Mn > Ni > Fe [89] 
Jatropha Curcas Metallic powder IP | Cu > Co > Mn > Ni > Fe [95] 
Palm biodiesel (B100) Metallic coupons AV î Cu > leaded bronze [50] 
Palm biodiesel (B50) Metallic coupons AV î Cu > leaded bronze [50] 
Palm biodiesel (B100) Metallic coupons Composition | Cu [17] 
Palm biodiesel Metallic powders IP Cu > Co > Mn > Ni > Fe [96] 
Neem biodiesel Metallic container Metallic traces fî - [97] 
Soybean biodiesel Metallic sheets Composition | Carbon steel [98] 
Sunflower biodiesel Metallic sheets Composition | Carbon steel [98] 
Palm biodiesel (B100) Metallic coupons Water content f, AV t Mild steel [15] 
Palm biodiesel (B50) Metallic coupons Water Content f, AV t Mild steel [15] 
Palm biodiesel (B100) Metallic coupons Composition |, AV fî Cast iron [21] 
Soybean biodiesel Metallic coupons IP |, AVt Carbon steel > galvanized steel [99] 
Animal fat derived biodiesel Metallic containers PV 1, IP J Cu > Ni > Fe [59] 
Palm biodiesel Metallic Sheets IP | Cu > Sb > Zn > aluminum alloys > Al > Fe [100] 
Palm biodiesel Metallic coupons Composition |, AV fî Cu > Al > stainless steel [19] 


Note: peroxide value (PV), iodine value (IV), acid value (AV), viscosity (V), density (D), induction period (IP). 


nA | 


Conjugated olefine 


Mono olefine Cyclohexane 


Fig. 3. Diels Alder reaction for thermal degradation of biodiesel [77]. 


Fernandes et al. [65] found that thermal stability of cottonseed oil 
was higher than that of cottonseed biodiesels. Albuquerque et al. 
[66] found that there was a decreasing trend of the oxidation 
temperature (OT) with the increase of bis-allylichydrogen (H) in 
the mixtures for all biodiesel samples with increasing tempera- 
ture. These demonstrate that variation of composition is the key 
factor for the oxidation stability of biodiesel. 

Garcia et al. [67] investigated thermal stability of Brazilian 
Cerrado by TGA analysis. They found that all biodiesel samples began 
to degrade after 130 °C and thus limiting the industrial use of those 
biodiesels. Dunn et al. [68] experimented methyl soyate (SME) to 
evaluate the accelerated oxidation under varying time and tempera- 
ture and found that with increase in reaction temperature, acid value, 
specific gravity, temperature peroxide value, and viscosity increased 
but the cold flow properties were changed a little up to150 °C. The 
research works done so far lead to the conclusion that temperature 
has a great influence in changing composition as well as other fuel 
properties. This could vary depending on the types of biodiesel and 
its compositional or molecular structures. 


4.4. Metal contamination 


Metals can perform as a catalyst for oxidation and degradation 
of biodiesel [69,70]. Trace metals play a significant role in clogging 
vehicle fuel lines and can leave an undesirable residuum of metal 
oxides in engine parts. The presence of metallic elements is 
undesirable, even in low concentrations to control the pollution 
due to their release into the atmosphere through combustion of 
fuel [22,71]. At the initial step of biodiesel oxidation, the peroxides 
degrade by a number of pathways to secondary oxidation pro- 
ducts, such as acids, aldehydes, dimers and polymers [72]. The 
initiator radical for peroxide formation can be formed by metallic 
ions as represented by the following [72]: 


RH+ =R° + 1H 
ROOH+M?+ = RO’ + OH+M3+ 
ROOH+M?+ = ROO’ +H*t +M2+ 


Initiation by metallic ions : 
Propagation by metallic ions : 


This peroxide radical (ROO”) reacts further as stated earlier to 
promote the oxidation process. 

Several studies have been done to understand the effect of 
metal contamination on biodiesel stability. Metal assisted oxida- 
tion results in the formation of insolubles, gums and sediments 
along with corrosion products. Most of the investigations include 
metal exposure to biodiesel in static condition [69] sometimes 
with temperature fluctuations [13,73], time variance or with 
antioxidants [74]. In addition, some studies include dynamic 
situations [73]. The relative effect of several metals was measured 
by determining the change in biodiesel properties such as IP, AV, 
PV, Compositional analysis, water content, metallic traces and 
analysis of corrosion products. The studies conducted on metal 
exposed biodiesel are shortlisted in Table 4 with the measured 
changes in biodiesel properties. 

From Table 4, it is seen that due to metal exposure, induction 
period is reduced while acid value (AV), peroxide value (PV), and 
water content are increased. Degradation of these properties has 
been observed to a greater extent due to exposure of copper as 
compared to other metals. Poor stability linked to metal contam- 
ination can be a great issue for commercial use of biodiesel. 
Therefore, careful choice of metal selection has a great importance 
in case of biodiesel. 


4.5. Water absorption 


The quality of biodiesel fuel is significant for its successful use 
in diesel engines and its subsequent replacement of nonrenewable 
fossil fuels. The presence of water in biodiesel has a strong effect 
on its fuel properties. The water content of biodiesel must be 
below 0.05% according to ASTM D6751. Biodiesel is hygroscopic 
in nature and therefore the content of water is a major issue of 
concern. Water can cause degradation of esters through hydrolysis 
and thereby change the fuel composition and property as well. 


R;-COOR, + H0 
(esters) (water) 


> R,-OH + R-COOH (hydrolysis of esters) 
(alcohol) (fatty acid) 


The presence of water can also enhance the microbial growth, which 
may cause corrosion of metal surfaces. There are several number 
of studies related to degradation of biodiesel. DeMello et al. [75] 
observed that the rates of hydrolysis are slower than the microbial 
degradation rates of biodiesels. However, abiotic hydrolysis could 
become more relevant in conditions where microbial degradation is 
less ideal. Burton [76] has found that biodiesel can absorb 150 ppm of 
moisture where petro-diesel can only absorb 50 ppm of moisture. 
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According to Demirbas |77] the moisture absorption of biodie- 
sel sufficiently decreases the heat of combustion. It may begin to 
form ice crystals when the temperature is near 0°. These crystals 
result in the formation of sites for nucleation and enhances the 
gelling of the fuel residue. It has been reported that water works as 
a part of the respiration system for most microbes. In addition, 
colonization of microbe and formation of gel can cause different 
technical problems (e.g. fuel system plugging, injector coking, 
etc.). Leung et al. [52] found that moisture content in biodiesel 
enhanced biodiesel degradation because of hydrolysis but it 
lessens to a great extent when the fuel is exposed to air and high 
temperature. Waste soybean derived biodiesel suffered hydrolytic 
degradation because of the cooking process and that destroys 
natural antioxidants of the oil [78]. Srivastava and Prasad [79] 
observed that biodiesel containing high content of intermediate 
products (mono- and diglycerides) will have the tendency to 
absorb water to a higher degree than biodiesel constituting mainly 
methyl ester. Felizardo et al. [80] found that fuel contaminated 
with water can cause engine corrosion. According to Fazal et al. 
[19] enhanced corrosiveness of biodiesel occurs due to higher 
moisture absorption, presence of oxygen moieties, and fatty acids 
produced from auto-oxidation. Crookes [81] noted that to reduce 
the further emissions, fuel emulsification with water can be used. 
Sharma et al. [82] reported that natural antioxidants contained in 
biodiesel are destroyed during the purification step thus making 
biodiesel susceptible to degradation. Therefore, it is very impor- 
tant to find suitable additive for reducing the absorption of 
moisture in biodiesel. 


4.6. Microbial growth 


One of the major problems for the commercial use of biodiesel 
or its blend with diesel is biodegradation which causes changes 
of fuel properties [83]. Microorganisms in biodiesel have potential 
influence to accelerate the degradation process [84]. This section 
presents an updated overview on comparative degradation of 
petroleum diesel and biodiesel by microorganisms. 

Petroleum diesel is composed of different hydrocarbons. It has 
been reported that hydrocarbons are biodegraded primarily by 
organic pollutants such as bacteria, yeast, and fungi. According 
to Adebusoye et al. [85] the microbial degradation of petroleum 
hydrocarbons can be occurred by several types of bacteria includ- 
ing Pseudomonas fluorescens, Bacillus sp., Bacillus subtilis, Alcali- 
genes sp., P aeruginosa, Acinetobacter Iwoffi, Flavobacterium sp., 
Micrococcus roseus, Corynebacterium sp., etc. Fungal genera such 
as Amorphoteca, Neosartorya, Talaromyces, Graphium, etc. and 
yeast genera, namely, Candida, Yarrowia, Pichia are also reported 
to for degradation of hydrocarbon [86]. 

The principle of aerobic degradation of hydrocarbons is shown 
in Fig. 4. [87,88]. The initial intracellular attack of organic pollu- 
tants is an oxidative process and catalyzed by oxygenases and 
peroxidases. Peripheral degradation pathways convert to different 
intermediates. Biosynthesis of cell biomass occurs from the central 
precursor metabolites and the growth of the cell biomass is 
continued. 

Biodegradation of biodiesel by microorganisms is a complex 
process and there is very little information available on this aspect. 
This degradation process is normally known as cometabolic biode- 
gradation [89]. Like petroleum diesel, biodiesel can also be biode- 
graded by bacteria, yeast and fungi [90]. However, biodiesel is 
biologically more active because of having FAMEs with hydrocarbon 
chains and two oxygen atoms. Various enzymes or bacteria can 
attack these FAME structures naturally. In the process of cometa- 
bolic degradation, FAMEs are oxidized at the position of beta carbon 
(2nd carbon that attaches to a functional group) and degraded to 
acetic acid and a fatty acid [91 ]. These fatty acids then breakdown to 
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Fig. 4. Aerobic degradation of hydrocarbons by microorganisms (Adapted from 


Ref. [113,114]). 
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Fig. 5. Aerobic degradation of FAMEs by microorganisms (Adapted from Ref. [113]). 


Degradation products 


CO2 and H20 by enzymes/bacteria by a series of reactions [92]. 
Simplified biodiesel biodegradation mechanism has been presented 
in Fig. 5 [92]: 

Several studies reported that biodegradation of biodiesel and 
biodiesel blends occur more rapidly [84,89,93-96] than petroleum 
diesel. This could be attributed to the higher stability and chemical 
complexity of diesel than that of biodiesel. Diesel contains alipha- 
tic cyclic hydrocarbons, benzene and so many other complicated 
hydrocarbons, which are very stable, and therefore, needs more 
energy for microorganisms to penetrate the structure[92]. On the 
other hand, biodiesel having oxygenated moieties can easily be 
subjected to attack by microorganisms. In addition, some inherent 
characteristics of biodiesel can enhance the degradation process. 
For example, storage conditions can facilitate the microbial growth 
to some extent. This statement was justified by investigations in 
aerobic and anaerobic storage conditions and results showed that 
anaerobic condition suppressed biodegradation more than aerobic 
conditions [96]. Due to hygroscopic nature of biodiesel, microbial 
growth occurs more rapidly in biodiesel and avoidance of water in 
the storage tanks are almost impossible to maintain. This residual 
water creates an interface to transport substrate (FAMEs) by 
enzymes that promote further degradation [97]. According to 
Demello et al. [75] both chemical corrosion and microbiologically 
influenced corrosion (MIC) can occur when water is present. In 
particular, problems with MIC may be enhanced by the use of 
biodiesel due to the higher bio-availability of this fuel compared to 
ordinary fossil fuel. De Beer and Stoodley [98] found that in fuel 
tanks containing oxygen, the conditions at the metal surface below 
a thin biofilm may be anaerobic and support growth of anaerobic 
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MIC-causing microorganisms. Joan Salvado et al. [95] found that 
density and viscosity of biodiesel blends deteriorated by biode- 
gradation. Sorensen et al. [99] observed the presence of active 
anaerobic microorganisms in biodiesel blends after a certain 
period of experimentation. 

Although several studies have reported the biodegradation of 
biodiesel by microbial growth, there are still adequate scopes of 
study on the effect of biodegradation on fuel properties and related 
mechanisms. At present, there is a lack of direct literatures on the 
effect of microbial growth showing the degradation of fuel properties 
such as oxidation stability, acid value, kinematic viscosity, cetane 
number, flash point, total contamination, calorific value, etc. 


4.7. Combined effect of different factors 


Different factors mentioned above do not affect the stability 
of biodiesel equally. Any specific property of biodiesel can be 
degraded by different factors. Inter-comparison with these factors 
has been summarized in Table 5. 

From Table 5, it is evident that auto-oxidation degrades biodiesel's 
fuel properties more rapidly. Enhancement of oxidation rate occurs 
principally due to long time exposure and contact with metal 
surfaces. Almost all these factors change the chemical composition 
of biodiesel. In comparison to metal contamination and storage 
stability, microbial growth and water contamination were not so 
prominent to degrade fuel properties at every environment. The 
possible remedial measures could be (i) proper refining process 
during production, (ii) modification of storage conditions and 
(iii) addition of suitable additives. Further explanation on the possible 
remedial measures has been discussed in the following section. 


5. Possible measures to improve stability 
5.1. Refining during production 


Biodiesel is generally produced through transesterification 
reaction [100]. The processing of biodiesel is greatly hinged on 
the rich scientific background and technology development for 
better process advancement [101]. To ensure the quality of 
biodiesel, raw materials first have to be processed. Some crude 
vegetable oils are associated with phospholipids and these phos- 
pholipids need to be removed by the hydration process [102]. 
Deodorization can be used effectively in order to eliminate free 
fatty acids, aldehydes, unsaturated hydrocarbons, and ketones, 
all of which cause undesirable odors and flavors of the oil [103]. 
High acid value of FFAs can be minimized by using iodine as 
a catalyst. Transesterification reaction is catalyzed by either 
homogeneous catalyst (sodium hydroxide, potassium hydroxide, 
sulfuric acid, hydrochloric acid, etc.) or heterogeneous catalyst 


Table 5 
Inter-comparison between different factors affecting the stability of biodiesel. 


Degradation criterion Affecting factors 
Induction period 


Acid value 
Iodine value 


Peroxide value 

Viscosity 
water absorption 

Density 


Fatty acid composition 


Storage stability, thermal decomposition, metal contamination, auto-oxidation 


Auto-oxidation, storage stability, metal contamination 
Auto-oxidation, storage stability, thermal decomposition, metal contamination 


Storage stability, thermal decomposition, metal contamination, auto-oxidation 
Auto-oxidation, storage stability, thermal decomposition, metal contamination, 


Auto-oxidation, storage stability, thermal decomposition, metal contamination, 
water absorption, microbial growth, auto-oxidation 
Auto-oxidation, storage stability, thermal decomposition, metal contamination, 
water absorption, microbial growth, auto-oxidation 


(enzymes, alkaline earth metal compounds, titanium silicates, 
anion exchange resins, guanidine heterogenized on organic poly- 
mers, etc.). The alkali homogeneous catalysts are highly hygro- 
scopic and absorb water from air during storage [104]. Therefore, 
they should be properly handled. 

The alcohol materials used in the transesterification process 
normally include methanol, ethanol, propanol, butanol, and amyl 
alcohol. Once the transesterification reaction is completed, gly- 
cerol and alcohol are removed from the desired product esters by 
water washing [103,105]. Recently, the application of membrane 
technology for the separation and purification of biodiesel has 
tremendously reduced water washing application and has saved a 
reasonable amount of time and energy consumption [43]. Cooke 
et al. [106] practiced ion exchange resin to remove impurities. 
According to Gabelman and Hwang [107] hollow fiber membrane 
extraction can be an effective way to remove contaminants. These 
approaches effectively avoid loss of biodiesel yield during the 
production step and can improve the properties of fuel. 


5.2. Addition of different additives 


The stability of biodiesel in the presence of additives has been 
studied in details by several researchers [72,108,109]. Sarin et al. 
[110] have reported that two types of antioxidants are generally 
known: chain breakers and hydroperoxide decomposers. The two 
most common types of chain breaking antioxidants are phenolic 
and amine-types. Normally antioxidants act to inhibit the oxida- 
tion process and are well established for the use to control 
oxidation of biodiesel. For example, antioxidant (AH) intercepts 
the peroxide radical (RCOO") in order to prevent it from creating 
another radical by the autoxidation mechanism. The related 
mechanism has been shown below [111]: 


Radical tapping stage : R — COO’ +AH = R — COOH +A' 
Radical termination stage: A’ +A" =A — A or non — radical materials 


Almost all the work related to stability of fatty oil and ester 
applications is limited to the phenolic type of antioxidants. 
The general structures of mostly used phenolic antioxidants are 
shown in Fig. 6. 

The effectiveness of phenolic antioxidants depends on the 
number of hydroxyl/phenolic groups attached to its ortho, pera 
positions i.e. 1 and 2 or 1 and 4 positions in an aromatic ring. 
Generally, the active hydroxyl group can provide protons that 
inhibit the formation of free radicals or interrupt the propagation 
of free radical. Thus, it can delay the rate of oxidation. The 
effectiveness of TBHQ, PG, and PY can be explained based on their 
molecular structure. These additives possess two OH groups 
attached to the aromatic ring, while both BHT and BHA possess 
one OH group attached to the aromatic ring. Thus, on the basis of 
their electro-negativities, TBHQ, PG, and PY offer more sites for the 


Remedial Measures 


Use of proper additives and 
modification of storage condition 
Use of proper additives 

Use of proper additives and 
prohibition chemical degradation 
Using suitable additives 

Prevent chemical decomposition 
and sedimentation. 

Prevent chemical decomposition 
andwater absorption. 

Using proper refining process and 
modification of storage conditions 
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Fig. 6. Structure of different phenolic antioxidants [138]. 


Table 6 
Relative effectiveness of anti-oxidants (Aos) for different biodiesels. 


Types of biodiesel Relative effectiveness of antioxidants Ref. 
Soybean TBHQ 
Jatropha TBHQ > BHT > TBP > OBPA > a-T 


Palm biodiesel 
Waste frying oil 


TBHQ > BHT > BHA > a-tocopherol 
PG > BHA > BHT > TBHQ > vitamin E 


Soybean Ferulic acid > callefic acid [66] 
Castor oil BHA > PG > DBPC > TBHQ 

Sunflower Callefic acid > chlorogenic acid 

Coconut oil Callefic acid 

Rapeesed oil PY > PG > TBHQ > BHT 


Sunflower oil ME (distilled) 
Used palm oil ME 
Methyl soyate 


TBHQ > PG > BHA > PY > BHT 
PG > BHA > TBHQ > BHT > vitamin E 
BHA_PrG > TBHQ_BHT > a-tocopherol 


formation of the complex between the free radical and antioxidant 
radical for the stabilization of the ester chain [112]. 

Antioxidants are used for delaying oxidation. From the literature 
reviews, it is evident that different antioxidants have different 
influences to improve the stability of different biodiesels. The relative 
effectiveness of antioxidants on different biodiesels is listed in Table 6. 

From Table 6, it is seen that TBHQ is the most effective 
antioxidant for soybean, jatropha, palm and sunflower biodiesel. 
BHT, PG, and BHA are also found to be effective for almost all sort of 
biodiesels. It has been reported that use of several antioxidants can 
enhance the fuel stability up to the standard specification. The 
concentration of these additives may vary for different biodiesel and 
biodiesel blends because of the unsaturation concentration and com- 
position. There are still many possible scopes of study in order to 
understand the effectiveness of different additives in enhancing corro- 
sion resistance, stability as well as fuel properties of different biodiesels. 
This may contribute in using biodiesel at larger commercial scale. 


5.3. Modification of storage conditions 


There are several key factors that need to be considered for 
the storage of biodiesel, including oxidative stability, fuel solvency, 


and material compatibility [113,114]. Lee et al. [115] suggested that 
the storage temperature of most pure biodiesel need to be kept 
between 7 and 10°C for better protection against oxidation. 
Underground storage of pure biodiesel ensures the storage tem- 
perature necessary for preventing crystal formation during extreme 
cold weather [116]. For more than 6 months storage pure biodiesel 
and its blends need to be treated with a suitable antioxidant. 
Biocides should be used because contamination from water may 
lead to biological growth in the fuel. Tanks for biodiesels storage 
should be made of Teflon, aluminum, fluorinated polyethylene or 
polypropylene and steel. ASTM D6751, EN 14214 [76,117] are the 
general guidelines for maintaining fuel properties. In conclusion, it 
can be observed that temperature and air exposure are major 
important factors affecting the degradation of biodiesel. If biodiesel 
is stored in high temperature environment and allowed to expose 
to ambient air, the degradation rate will be greatly increased. The 
temperature or air exposure alone, however, had little effect on 
biodiesel degradation. Water content in biodiesel will enhance 
biodiesel degradation due to hydrolysis but its effect is much less 
than other factors. Attention should therefore be paid to the above 
factors, particularly for long term storage of biodiesel [114]. The 
tanks should minimize the possibility of water contamination and 
should be cleaned prior to use for biodiesel storage [49]. 


6. Summary and conclusions 


The properties of biodiesel could be affected by seven major 
factors, including (i) oxidation, (ii) thermal decomposition or 
thermal fluctuations, (iii) water absorption, (iv) biodegradation 
or microbial growth, (v) exposure to sunlight/photo oxidation, 
(vi) metal contamination and (vii) presence and absence of 
additives, etc. Although the properties of as-received biodiesel 
meet the given standard, many properties can deviate from the 
standard once biodiesel is degraded. As compared to petroleum 
diesel, biodiesel is thermally more instable. From the literature 
findings, it is found that temperature has a great influence in 
changing composition as well as other fuel properties. This could 
vary depending on the types of biodiesel and its compositional or 
molecular structures. Exposure of different metals can also influ- 
ence the stability of biodiesel properties at different level. It was 
observed that due to metal exposure, induction period is reduced 
while acid value (AV), peroxide value (PV), and water content are 
increased. Degradation of these properties has been found to a 
greater extent due to exposure of copper as compared to other 
metals. Poor stability linked to different metal exposure could be 
another limitation for the commercial use of biodiesel. 

In addition, biodiesel having oxygenated and unsaturated 
molecules are comparatively more subjected to microbial-degra- 
dation as compared to that of petroleum diesel. Although several 
studies have reported the biodegradation of biodiesel by microbial 
growth, there are still adequate scopes of study on related mechan- 
isms and its effect on different fuel properties including oxidation 
stability, acid value, kinematic viscosity, cetane number, flash point, 
total contamination, calorific value, etc. Effect of different bacteria 
(e.g. Pseudomonas fluorescens, Bacillus sp., Bacillus subtilis, Alcali- 
genes sp., P. aeruginosa, Acinetobacter lwoffi, Flavobacterium sp., 
Micrococcus roseus, Corynebacterium sp., etc.), fungi (e.g. Amorpho- 
teca, Neosartorya, Talaromyces, Graphium, etc.), yeasts (e.g. namely, 
Candida, Yarrowia, Pichia, etc.) on the degradation of biodiesel 
should be investigated. 

A good number of works have been done so far on the stability 
of biodiesel but still there lies ample scope for further experi- 
mentations to minimize the effect of mentioned factors. Few 
additives (e.g. TBHQ, BHT, PG, BHA) have been reported to improve 
oxidation stability and few are (e.g. TBA, nBA, etc.) to reduce 
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corrosiveness. Some other additives may contribute in enhancing 
other fuel properties. Now it is important to develop such addi- 
tives, which may ensure all these benefits. Recently, automobile 
industries have introduced a number of new materials for efficient 
fuel output and those materials have not yet been tested for 
biodiesel compatibility studies. In fact, still there is also a lack of 
scientific knowledge on the possible mechanisms of interaction 
of different automotive materials with biodiesel. Even a small 
improvement in material compatibility and stability of biodiesel 
may contribute towards the use of biodiesel comparatively at 
larger commercial scale. 
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